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We examined the collisionally activated dissociation (CAD) pathways of protonated 2=-deoxycy-
tidine (dC), 5-formyl-2=-deoxycytidine (5-FmdC), 5-hydroxy-2=-deoxycytidine (5-OHdC), 5-hy-
droxymethyl-2=-deoxycytidine (5-HmdC), and their corresponding stable isotope-labeled com-
pounds to gain insights into the effects of modifications on the fragmentation pathways of the
pyrimidine bases. Multi-stage MS (MSn) results showed that protonated cytosine, its 5-hydroxyl-
and 5-hydroxymethyl-substituted derivatives, but not its 5-formyl-substituted analog, could
undergo Dimroth-like rearrangement in the gas-phase. The elimination of HNCO was one of the
major fragmentation pathways observed for the protonated ions of all dC derivatives except for
5-hydroxymethylcytosine, which underwent this loss only after a H2O molecule had been
eliminated. In addition, the protonated cytosine and 5-hydroxycytosine can undergo a facile
elimination of NH3 molecule. This loss, however, was not observed for protonated 5-hydroxym-
ethylcytosine, 5-formylcytosine, and their uracil analogs. Taken together, our study demonstrated
that modifications could alter markedly the CAD patterns of the protonated pyrimidine bases. The
results from this study provided a basis for the identifications of other modified pyrimidine
bases/nucleosides by tandemmass spectrometry. (J Am SocMass Spectrom 2006, 17, 1335–1341)
© 2006 American Society for Mass SpectrometryModified nucleosides in mammalian cells mayarise from posttranscriptional modificationsof RNA [1] and oxidative damage of nucleic
acids [2, 3]. In this respect, more than 100 different types
of modified ribonucleosides have been found [1], and
many of them play a pivotal role in the structural
stability of ribosome and the function of tRNA [4 – 6].
On the other hand, more than 30 single-nucleobase
lesions have been shown to be induced by both endog-
enously and exogenously generated reactive oxygen
species (ROS) [7]. Such DNA damage products, if not
repaired promptly, may lead to pathological conse-
quences including cancer and aging [8, 9].
As a result of metabolic disorders, many modified
nucleosides, which are degradation products from im-
paired RNA or DNA, are found in urine or other body
fluids in abnormal amounts. It has been suggested that
these modified nucleosides in body fluids may serve as
biomarkers for various diseases [10 –12] and oxidative
stress [13, 14]. Mass spectrometry may offer an accurate
and sensitive means for the identification and quantifi-
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doi:10.1016/j.jasms.2006.05.019cation of modified nucleosides, especially when cou-
pled to gas or liquid chromatography (GC or LC) [15,
16]. For such studies, it is often important to understand
the fragmentation pathways of those modified and
natural nucleosides/nucleobases.
Although the collisionally activated dissociation (CAD)
studies of adenine, guanine, and uracil have been pub-
lished previously [17–19], up to now there is no report on
the systematic study on the fragmentations of protonated
cytosine, especially for stable isotope-incorporated cyto-
sine. Herein we examined the dissociations of protonated
cytosine and its oxidatively damaged derivatives. Our
goal was to understand the fragmentation pathways of the
protonated ions of these nucleobases and to examine the
effect of modifications on the fragmentation. For compar-
ison, we also investigated the CAD of the corresponding
oxidatively modified derivatives of uracil. The outcome of
the study may help to build a basis for the study of
pyrimidine biosynthesis andmetabolism as well as for the
characterization of the structures of novel modified py-
rimidine bases/nucleosides by MS/MS.
Experimental
Materials and Synthesis
Urea-15N2 (99.8%
15N enriched) was obtained fromCambridge Isotope Laboratories (Andover, MA). 2=-
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1336 CAO AND WANG J Am Soc Mass Spectrom 2006, 17, 1335–1341Deoxyuridine (dU) and 2=-deoxycytidine (dC) were
purchased from Berry and Associates (Ann Arbor, MI),
and tributyltin deuteride and 5-hydroxymethyl-2=-de-
oxyuridine (5-HmdU) were obtained from Sigma-Al-
drich (St. Louis, MO). All other chemicals were ob-
tained from Aldrich or VWR International (West
Chester, PA). Modified nucleosides 5-formyl-2=-de-
oxyuridine (5-FmdU), 5-hydroxy-2=-deoxyuridine (5-
OHdU), 5-formyl-2=-deoxycytidine (5-FmdC), 5-hy-
droxy-2=-deoxycytidine (5-OHdC), 5-hydroxymethyl-
2=-deoxycytidine (5-HmdC), and all the isotopically-
labeled nucleosides (Scheme 1) were synthesized
according to published procedures [20, 21]. The purity
and identity of the synthesized compounds were veri-
fied by HPLC, NMR, and mass spectrometry.
ESI-MS
ESI-MS experiments were carried out on an LCQ Deca
XP ion-trap mass spectrometer (ThermoFinnigan, San
Jose, CA). Nucleoside dC and its derivatives were
prepared in a 20-M aqueous solution containing 50%
methanol and 1% formic acid. Similar solutions were
prepared for dU and its derivatives except that the
concentrations were 30 M. The solution was infused
directly into mass spectrometer with a syringe pump at
a flow rate of 3.0 L/min. The spectra were recorded in
the positive-ion mode. The spray voltage was 4.5 kV,
and the temperature for the heated capillary was main-
tained at 225 °C. The automated gain control (AGC)
feature was employed, and the maximum numbers of
ions were set at 5  107 and 4  107 in MS and MSn
modes, respectively. The normalized collisional energy
was optimized (15–38%) so that the precursor ion was
clearly present (10–40%), but not the most abundant
ion in the product-ion spectrum. Isolation width was set
at 3 and 2 m/z units for MS/MS and MSn, respectively.
To obtain the product-ion spectra for low-mass precur-
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Results and Discussion
We took advantage of the multi-stage MS capability of
the ion-trap mass spectrometer and the availability of
stable isotope-incorporated nucleosides to elucidate the
fragmentation pathways of dC, dU, and their oxida-
50 60 70 80 90 100
0
50
100 68
96
53
50 60 70 80 90 100
69
97
53
80 120 160 200 240
0
50
100 112
228
60 80 100 120
0
50
100 95
69
11294
50 60 70 80 90 100
0
50
100 68
67
95
52
80 120 160 200 240
0
50
100 114
231
60 80 100 120
0
50
100 96
97
70
114
71
z/mz/m
R
e
la
tiv
e
 A
b
un
d
an
ce
(a) (d)
(b) (e)
(c)- HCN - HC15N/CO
- HC15N/CO
- HNCO
- NH3
- NH3
- 15NH3/H2O
- H15NCO
- HNCO
- H2O
dC [1,3-15N2’-D]dC
- CO
R
e
la
tiv
e
 A
b
un
d
an
ce
(f)
Figure 1. Mass spectra of dC (left) and [1,3-15N, 2=-D]dC (right):
Product-ion spectra of the [M  H] ions of dC (a) and [1,3-15N]
dC (d); product-ion spectra of the ions of m/z 112 and 114 (MS3)
observed in (a) and (d) are shown in (b) and (e), respectively;
product-ion spectra of the ions of m/z 95 and 96 (MS4) observed in
(b) and (e) are shown in (c) and (f), respectively. Product-ion
spectrum of the ion of m/z 97 (MS5) found in (e) is shown as an
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1337J Am Soc Mass Spectrom 2006, 17, 1335–1341 CAD OF PROTONATED 2=-DEOXYCYTIDINEtively damaged derivatives. This allowed for the unam-
biguous determination of the origins of many neutral-
loss fragments and the revelation of new fragmentation
pathways. Here we begin with the discussion of dC and
its derivatives.
2=-Deoxycytidine
Low-energy CAD spectra of the protonated 2=-deoxy-
cytidine and its [1,3-15N, 2=-D]-labeled analog showed
the formation of a dominant product ion corresponding
to the [M  H] ion of the cytosine (ions of m/z 112 and
m/z 114 in Figure 1a and d, respectively). This observa-
tion is general for all dC derivatives studied here.
Further fragmentation of the protonated cytosine
(MS/MS/MS or MS3) gives rise to two abundant ions of
m/z 95 and 69, which are attributed to the neutral losses
of NH3 and HNCO, respectively, and an ion of m/z 94 in
low abundance, which is due to the neutral loss of a
H2O molecule. Examination of the product-ion spec-
trum of the [M  H] ion of [1,3-15N]cytosine (MS3)
revealed four distinct peaks at m/z 97, 96, 71, and 70,
which were attributed to the ions formed from the
losses of NH3,
15NH3/H2O, HNCO, and H
15NCO, re-
spectively. By comparing Figure 1b and e, we may
conclude that the majority of the ion of m/z 96 observed
in Figure 1e is due the loss of 15NH3 from [1,3-
15N]-
cytosine.
Although there is no systematic study on the frag-
mentation of cytosine, Nelson and McCloskey [18]
reported that, during the fragmentation of protonated
uracil, ammonia is primarily eliminated from N3, but
not N1, whereas the loss of HNCO, through a retro
Diels-Alder (RDA) mechanism, mainly originates from
N3, C2, and O2. The loss of HNCO from the [M  H]
ion of [1,3-15N]cytosine, however, would require a
rearrangement of cytosine component before the elim-
ination. In this context, it is well-known that adenosine
can undergo Dimroth rearrangement [22, 23] to ex-
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Scheme 2change the exocyclic N6 and endocyclic N1. Theoreticalpredictions and experimental data unequivocally sup-
port that ring cleavage between the N1 nitrogen and C2
carbon followed by rotation about the C4OC5 bond,
ring closure, and proton migration constitute the correct
pathway for the rearrangement of adenosine [24, 25].
Although there has been no report on the Dimroth
rearrangement of unmodified cytosine, dC, or cytidine,
the rearrangement of N3-substituted cytosine during
acetylation reaction has been observed [26, 27]. More-
over, this type of rearrangement has been employed for
the syntheses of 15N3-labeled uridine [28] and cytidine
[29] from the 15N4-substituted cytidine N3-oxide.
We reason that protonated cytosine might undergo a
similar rearrangement, which allows for the switching
of the N3 and N4 nitrogen atoms in the gas phase and
facilitates the loss of unlabeled HNCO from [1,3-15N]cy-
tosine (Scheme 2a). In this regard, the protonation of
cytosine at N3 site resembles, to some extent, the
substitution at N3 site, which results in the weakening
of the N3OC2 bond and facilitates the rearrangement
(Scheme 2). In this context, semi-empirical calculations
at the AM1 level of theory predict that the gas-phase
proton affinities of N3 in 2=-deoxycytidine-5=-mono-
phosphate and 2=-deoxycytidine-3=-monophosphate are
higher than those of O2 in the corresponding nucleo-
tides by 2.5 and 3.9 kcal/mol [30]. On the other hand,
high-level ab initio calculations with the inclusion of
correlation effects at the Møller-Plesset level predicted
that three atoms in neutral cytosine (N1, N3, O2) are
susceptible to protonation all within a range of 1
kcal/mol [31]. Furthermore, recent calculations sug-
gested that the transition-state energies for proton mi-
grations between O2 and N3 of 1-methylcytosine were
much smaller than the threshold energy required for
the major cleavage reactions discussed above [32].
Therefore, the protonated cytosine is expected to be
present in the gas phase as a mixture of tautomers,
whereas the N3-protonated tautomer can undergo the
Dimroth-like rearrangement.
This Dimroth-like rearrangement, however, also
makes it somewhat complicated to ascertain the origin
of the NH3 loss. In analogy to the dissociation of uracil
[18], the ammonia can be lost from N3 of cytosine.
Alternatively, ammonia can be originated from the N4
nitrogen. In this regard, the percentage of the product
resulting from Dimroth-like rearrangement can be esti-
mated to be 25% from the relative abundances of
product ions emanating from the loss of HNCO and
H15NCO (i.e., ions of m/z 71 and 70, Figure 1e). On the
other hand,40% of the lost ammonia does not bear the
15N label (Figure 1e). Therefore, Dimroth-like rear-
rangement cannot account completely for the elimi-
nation of unlabeled NH3 from [1,3-
15N]cytosine; a
small fraction of the ammonia, therefore, must be lost
from N4.
Further fragmentation of the most abundant ion (m/z
95, which is originated from the loss of NH3 from
cytosine) in MS3 of dC yields abundant product ions of
m/z 68 and 67, which are attributed to the losses of HCN
1338 CAO AND WANG J Am Soc Mass Spectrom 2006, 17, 1335–1341and CO, respectively. The elimination of HCN involves
primarily N1 nitrogen, as supported by the fact that the
loss of HC15N, but not HCN, was observed in the MS4
of the ion of m/z 96 for [1,3-15N]cytosine (Figure 1f).
In this context, it is worth noting that recent ab initio
calculations predicted that, at an energetic point of
view, the 43 Da neutral loss found for protonated
1-methylcytosine is more likely to be an HO-C§N
moiety rather than an HN-C¢O (HNCO) component
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HmdC (right): Product-ion spectra of the [M  H] ions of
5-HmdC (a) and [1,3-15N, 2=-D]5-HmdC (e); product-ion spectra of
the ions ofm/z 142 and 144 (MS3) observed in (a) and (e) are shown
in (b) and (f), respectively; product-ion spectra of the ions of m/z
124 and 126 (MS4) observed in (b) and (f) are shown in (c) and (g),
respectively; product-ion spectra of the ions ofm/z 81 and 83 (MS5)
observed in (c) and (g) are shown in (d) and (h), respectively.
Product-ion spectrum of the ion of m/z 82 (MS5) found in (g) is
shown as an inset in (h).
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OScheme 3[32]. In that study, the authors only considered the
dissociation pathway that is initiated from the cleavage
of the N1OC2 bond. In this context, our experimental
observation of the Dimroth-like rearrangement, how-
ever, supports that the cleavage of the protonated
cytosine ring may also begin with the rupture of the
C2ON3 bond. Moreover, the thermodynamic parame-
ters for the cleavage pathways of protonated cytosine
may differ from those of protonated 1-methylcytosine.
Thus, it remains unclear what the identity is for the
43-Da neutral component. For convenience, we still
refer to this as the HNCO component.
5-Hydroxymethyl-2=-Deoxycytidine (5-HmdC)
The collisional activation of the [M  H] ion of
5-HmdC again leads to the facile cleavage of the glyco-
sidic bond (Figure 2a). Further fragmentation of the
protonated 5-HmC results in the predominant loss of an
H2O molecule (Figure 2b), and the resulting product ion
can readily eliminate an HNCO component upon fur-
ther collisional activation (MS4, Figure 2c). In this re-
gard, we again observed the losses of both HNCO (m/z
83) and H15NCO (m/z 82, Figure 2g) from the [M 
H2O] ion of [1,3-
15N]5-HmC, which can be attributed to
the similar Dimroth-like rearrangement as observed
above for dC (Scheme 3a). From the relative abun-
dances of these two ions we may estimate that 40% of
the ion of m/z 124 has undergone such rearrangement,
which is higher than what we found for the protonated
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Figure 3. Mass spectra of 5-FmdC (left) and [1,3-15N, 2=-D]5-
FmdC (right): Product-ion spectra of the [MH] ions of 5-FmdC
(a) and [1,3-15N, 2=-D]5-FmdC (d); product-ion spectra of the ions
of m/z 140 and 142 (MS3) observed in (a) and (d) are shown in (b)
and (e), respectively; product-ion spectra of the ions of m/z 97 and
98 (MS4) observed in (b) and (e) are shown in (c) and (f),
respectively.dC. Further collisional activation of the ion of m/z 81
1339J Am Soc Mass Spectrom 2006, 17, 1335–1341 CAD OF PROTONATED 2=-DEOXYCYTIDINE(MS5, Figure 2d) can lead to the facile elimination of an
HCN, and comparison of the MS5 shown in Figure 2d
and h allows us to conclude that HCN is again most
likely lost from N1.
The failure in observing the loss of NH3 from 5-
hydroxymethylcytosine (5-HmC) is in sharp contrast
with our observations for the unmodified cytosine,
which might be attributed to the fact that, with the
intermediate resulting from water loss (Scheme 3a), it is
difficult to transfer three hydrogen atoms to the N3
position to render the ammonia loss.
5-Formyl-2=-Deoxycytidine
HNCO elimination is the dominant path for the disso-
ciation of protonated 5-formylcytosine (5-FmC). Differ-
ent from what we observed for the labeled cytosine and
5-HmC, collisional activation of the protonated [1,3-
15N]-5-FmC leads to the formation of a dominant prod-
uct ion of m/z 98, which is attributed to the elimination
of H15NCO (Figure 3e). The ion emanating from the
neutral loss of unlabeled HNCO (i.e., the ion of m/z 99)
is, however, of very low abundance (Figure 3e). These
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Figure 4. Mass spectra of 5-OHC (left) and [1,3-15N]5-OHC
(right): Product-ion spectra of the [MH] ions of 5-OHC (a) and
[1,3-15N]5-OHC (e); product-ion spectra of the ions of m/z 111, 101,
and 100 (MS3) observed in (a) are shown in (b), (c), and (d),
respectively; product-ion spectra of the ions of m/z 113, 112, and
102 (MS3) observed in (b) are shown in (f), (g), and (h), respec-
tively.results demonstrate that the Dimroth-like rearrange-ment was largely prohibited for the protonated 5-FmC
and RDA reaction and became the most favorable
dissociation pathway. This is reasonable on the grounds
that the Dimroth-like rearrangement necessitates the
protonation of N3, whereas the presence of the 5-formyl
group renders the protonation of N3 most unlikely. In
this regard, intramolecular hydrogen bonding leads to
the facile protonation on the exocyclic 5-carbonyl group
(Scheme 3b). The difficulty in protonating N3 also
prevents the elimination of NH3 from the [M  H]
 ion
of 5-FmC.
Further breaking down of the ion of m/z 97 (MS4)
results in the facile loss of CO, though the expulsion of
HCN also constitutes a minor fragmentation pathway
(Figure 3c). Corresponding fragmentation of the ion of
m/z 98 demonstrates the loss of only HC15N, supporting
that HCN is selectively eliminated from the N1 position
(Figure 3f).
5-Hydroxy-2=-Deoxycytidine
The fragmentation of 5-OHdC again results in the facile
formation of the protonated ion of the nucleobase (data
not shown). The further breaking down of the 5-
hydroxycytosine (5-OHC) is much more complicated
than those of other cytosine derivatives (Figure 4). In
this regard, four major dissociation pathways were
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Figure 5. Mass spectra of 5-HmdU (left) and [1,3-15N, 2=-D]5-
HmdU (right): Product-ion spectra of the [M  H] ions of
5-HmdU (a) and [1,3-15N, 2=-D]5-HmdU (d); product-ion spectra
of the ions of m/z 143 and 145 (MS3) observed in (a) and (d) are
shown in (b) and (e), respectively; product-ion spectra of the ions
of m/z 125 and 127 (MS3) observed in (b) and (e) are shown in (c)
and (f), respectively. The origins of the ions of m/z 100 and 101
(labeled with an “X”) in (c) and (f), respectively, could be
attributed to the ion-molecule reactions in the mass spectrometer
(i.e., due to the addition of a water molecule, which is present in
the ion trap, to the ion of m/z 82 or 83).
1340 CAO AND WANG J Am Soc Mass Spectrom 2006, 17, 1335–1341observed for the protonated 5-OHC: (1) Loss of NH3
(m/z 111) followed by the elimination of HCN (m/z 84),
CO (m/z 83), or both (m/z 56). It is worth noting that the
neutral loss of HCN carries exclusively the 15N label,
suggesting that, similar to what we found for the other
cytosine derivatives, the nitrogen atom in HCN most
likely originated from the N1 position of cytosine
(Figure 4a, b, f, and g). (2) Loss of HCN (m/z 101)
followed by expulsion of HNCO (m/z 58) or CO2 (m/z
57, Figure 4c and h). (3) Elimination of CO (m/z 100)
with further neutral losses of CO and HNCO to form
product ions of m/z 72 and 57 (Figure 4d and h). The
elimination of both HNCO and H15NCO from the
labeled precursor in pathways (2) and (3) again sup-
ports that Dimroth-like rearrangement occurs for the
protonated 5-OHC. The extent of Dimroth-like rear-
rangement, as judged from the relative abundances of
the pairs of ions resulting from HNCO loss, is similar to
what was observed for the unmodified cytosine. (4)
Elimination of HNCO (m/z 85, Figure 4a and e). Other
fragment ions, i.e., the ions of m/z 72, 58, and 57 (Figure
4a) can be either product ions from direct neutral losses
from parent ion (m/z 128) or secondary ions from other
product ions described above.
5-Hydroxymethyl-2=-Deoxyuridine
and 5-Formyl-2=-Deoxyuridine
We next acquired multi-stage MS data for the corre-
sponding dU derivatives. Since the fragmentation of the
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Figure 6. Mass spectra of 5-FmdU (left) and [1,3-15N, 2=-D]5-
FmdU (right): Product-ion spectra of the [M  H] ions of
5-FmdU (a) and [1,3-15N, 2=-D]5-FmdU (d); product-ion spectra of
the ions of m/z 141 and 143 (MS3) observed in (a) and (d) are
shown in (b) and (e), respectively; product-ion spectra of the ions
of m/z 98 and 99 observed in (b) and (e) are shown in (c) and (f),
respectively.protonated ions of uracil and 5-hydroxyuracil havebeen reported by Nelson and McCloskey [18], here we
focus our discussion on the fragmentation of 5-
hydroxymethyluracil (5-HmU) and 5-formyluracil (5-
FmU). It turned out that the pathways for the dissoci-
ation of these two nucleobases parallel largely our
observations with the corresponding cytosine deriva-
tives. In this respect, we found that the loss of NH3 is
prohibited for the protonated ions of both 5-HmU and
5-FmU (Figure 5 and Figure 6). In addition, we again
observed facile loss of an H2O molecule from the
protonated 5-HmU (MS3, Figure 5b and e) and the
resulting product ion can readily lose an HNCO com-
ponent upon further fragmentation (MS4, Figure 5c and
f). The collisional activation of the [M  H] ions of
5-FmU and [1,3-15N]5-FmU results in the predominant
loss of an HNCO/H15NCO molecule (MS3, Figure 6b
and e) and the resulting product ion can undergo a
facile elimination of HCN/HC15N or CO molecule
(MS4, Figure 6c and f). The failure in observing the loss
of an NH3 molecule can be rationalized by the same
principles as discussed for the corresponding cytosine
derivatives (vide supra).
Conclusions
In this study, the fragmentation pathways of the pro-
tonated ions of dC, dU, and their oxidatively damaged
derivatives were investigated by isotope labeling and
MSn. The initial dissociation of the protonated ions of
most 2=-deoxynucleosides discussed in this paper in-
volves the rupture of the weak N-glycosidic bond to
give the protonated nucleobases. In addition, we found
that Dimroth-like rearrangement, which has been ob-
served for adenosine, can occur for the protonated
ions of cytosine, 5-hydroxymethylcytosine and 5-
hydroxycytosine, but not for the protonated 5-formyl-
cytosine, in the gas phase, leading to the exchange of
nitrogen at N3 and N4 positions. Therefore, identifica-
tion for the modifications being on N4 or N3 of cytosine
by MS/MS should be proceeded with caution.
Another interesting discovery in this study is that no
ammonia loss was observed for either the 5-hydroxy-
methyl- or the 5-formyl-substituted cytosine and uracil
derivatives. This could be attributed to either the dras-
tically decreased propensity in protonating the N3 of
the modified pyrimidine base or the reduced tendency
for hydrogen to be transferred to the nitrogen atom for
ammonia loss.
It has been previously reported that the nucleoside-
derived protonated nucleobase (i.e., the [B  H] ion),
gives rise to indistinguishable tandem mass spectrum
from the [M  H] ion formed from the corresponding
nucleobase [18, 33]. Therefore, the fragmentation results
discussed here, which were obtained for the protonated
nucleobase ions from the fragmentation of the corre-
sponding 2=-deoxynucleosides, can generally be ex-
tended to nucleobases from either DNA or RNA. In
many cases, mass spectrometry is the only viable
method for the identification of unknown nucleosides
1341J Am Soc Mass Spectrom 2006, 17, 1335–1341 CAD OF PROTONATED 2=-DEOXYCYTIDINEdue to the quantity limitation and complexity of sam-
ples to be analyzed [15]. The results reported here,
together with seminal work from the McCloskey labo-
ratory [17–19], can serve as the basis for elucidating the
structures of novel modified nucleobases in RNA or
DNA by MS/MS.
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